A multi-methodological study, based on electron microprobe analysis (in wavelength dispersive mode), single-crystal X-ray diffraction (XRD), transmission electron microscopy and single-crystal Fourier transform infrared spectroscopy was performed in order to describe the crystal chemistry of four leucite samples from different localities of the Roman Comagmatic Province (central Italy). All the crystals examined were found to be tetragonal (space group I4 1 /a with a = 13.076À13.103 Å and c = 13.744À13.784 Å ) and characterized by a complex twinning (merohedric twins: on the tetragonal planes (110) and (110) with the two individuals having parallel crystallographic axes with a and b interchanged; pseudo-merohedric twins: on the tetragonal planes (101), (011), (101), (011), with the two individuals having parallel a (or b) axes and the remaining two axes not parallel). The chemical analyses show that all the samples contain minor Na and Fe. Infrared spectroscopy shows that all samples contain structurally bound water molecules, up to unexpectedly large amounts (~0.4 wt.%) for a nominally anhydrous mineral, suggesting that 'analcime-like' substitution (K to Na + H 2 O) occurs in the leucite samples investigated here. The detection limits of the 'analcime-like' substitution by singlecrystal XRD are also discussed.
Introduction
LEUCITE is a feldspathoid, with the ideal formula K 16 Al 16 Si 32 O 96 . Recently, the Commission on zeolites of the International Mineralogical Association assigned leucite to the zeolite group (Coombs et al., 1997) , due to structural similarities with analcime (Na 16 Al 16 Si 32 O 96 ·16H 2 O). Leucite is a primary mineral of K-rich mafic and ultramafic volcanic rocks, as leucite-basanites, leucite-tephrites, leucite-phonolites, leucitemelilite basalts, ugandites and katungites (Peccerillo, 1998 (Peccerillo, , 2003 (Peccerillo, , 2005 Deer et al., 2004) . In Latium (central Italy), leucite is a widespread constituent of lava flows, pumice flows and pyroclastic deposits belonging to the socalled 'Roman Comagmatic Province' (RCP), associated with the K-rich Plio-Pleistocene highalkali volcanism (Conticelli and Peccerillo, 1992; Conticelli et al., 2002; Peccerillo, 1998 Peccerillo, , 2003 Peccerillo, , 2005 Federico et al., 1994) .
Leucite is isotypic with analcime, wairakite ( C a 8 A l 1 6 S i 3 2 O 9 6 · 1 6 H 2 O ) , p o l l u c i t e (Cs 12 (Gottardi and Galli, 1985; Armbruster and Gunter, 2001; Baerlocher et al., 2001) , which constitute the so-called 'analcime group'. The crystal structure of these open-framework silicates is built-up by the combination of two 'secondary building units' (SBUs), i.e. 4 and 6-membered rings of tetrahedra ( Fig. 1) (Baerlocher et al., 2001) . The topological symmetry of this framework type is Ia3 d * E-mail: diego.gatta@unimi.it DOI: 10.1180/minmag.2007.071. 6 .671
Mineralogical Magazine, December 2007, Vol. 71(6), pp. 671-682 # 2007 The Mineralogical Society (Baerlocher et al., 2001) . In leucite, the extraframework content is nominally represented by K only. Its first coordination-shell consists of a distorted polyhedron with six KÀO bonddistances between 2.96 and 3.14 Å , a second coordination-shell involves six distances between 3.50 and 3.76 Å (Mazzi et al., 1976) . The K-site is located in the same position occupied by H 2 O in the analcime structure.
Leucite always crystallizes with cubic symmetry at its genetic conditions (T >900ºC, space group Ia3d, a~13.54 Å ; Faust, 1963; Peacor, 1968; Taylor and Henderson, 1968; Mazzi et al., 1976; Palmer et al., 1989 Palmer et al., , 1990 Palmer et al., , 1997 and undergoes two phase transitions over cooling, between 600 and 700ºC, with a reduction of symmetry from cubic to tetragonal (646ºC: Ia3d ? I4 1 /acd; 627ºC: I4 1 /acd ?I4 1 /a; Newton et al., 2008) . Recently, Gatta et al. (2008) showed a first-order phase-transition at a pressure of 2.2 GPa (at room T) from tetragonal-to-triclinic symmetry (I4 1 /a ? P1) accompanied by a drastic increase in density of~4.7%. At room T, leucite is tetragonal (space group I4 1 /a, a~13.07, c 13.75 Å ; Mazzi et al., 1976) . At any given pressure or temperature, no Si/Al ordering in the tetrahedral framework of leucite is observed (Peacor, 1968; Mazzi et al., 1976; Brown et al., 1987; Dove et al., 1993; Palmer et al., 1997; Gatta et al., 2008 and references therein) .
All crystals of tetragonal leucite show complex twinning at room-T conditions. This is a result of the phase transition from cubic to tetragonal symmetry with decreasing temperature. The six planes of the cubic form {110} may become twin planes in the tetragonal polymorph (with point group 4/m) and the two common cases found in natural leucites are: (1) merohedric twins, on the tetragonal planes (110) and (110) with the two individuals having parallel crystallographic axes (with a and b interchanged); and (2) pseudomerohedric twins, on the tetragonal planes (101), (011), (101), (011), with the two individuals having parallel a (or b) axes and the remaining two axes not parallel (Mazzi et al., 1976; Palmer et al., 1988; Heaney and Veblen, 1990 ).
Natural leucite always shows a minor Na-for-K substitution (Mazzi et al., 1976; Deer et al., 2004; Gatta et al., 2008) . Putnis et al. (2007) and suggested that the replacement of leucite by analcime does not proceed by a zeolitic cationexchange mechanism, but is based on the dissolution of pre-existing leucite and precipitation of newly formed analcime. However, a recent study by Della Ventura et al. (2008) showed that structurally incorporated H 2 O in some natural leucites from the Alban Hills volcanic complex (Rome, Italy), is primary in origin. Evidence of structurally incorporated water in natural leucites is also reported by Balassone et al. (2006) on samples from Vesuvius and Roccamonfina (south Italy).
On the basis of the aforementioned findings, we performed a crystal-chemistry investigation of four natural leucites from different localities of [111] . The secondary building units of this framework-type consist of 4-membered rings (4 SBU; a) and 6-membered rings of tetrahedra (6 SBU; b). The extra-framework K-site lies in the 6-membered ring channel running along [111] . This plot is based on the structure refinement of the CR-leucite performed in this study.
the RCP (central Italy) using a multi-method approach via electron microprobe analysis (EMPA) in wavelength dispersive spectroscopy (WDS) mode, single-crystal X-ray diffraction (SC-XRD), transmission electron microscopy (TEM), and single-crystal Fourier transform infrared (SC-FTIR) spectroscopic study. Such a multi-methodological investigation is the most reliable way to detect structurally incorporated water and to describe any possible influence of the H 2 O molecules on the crystal structure and crystal-chemistry of leucite.
Experimental methods
Four samples of leucite from phenocrysts in leucititic lava from different localities in the RCP (Latium, central Italy), associated with the Plio-Quaternary volcanism (Conticelli and Peccerillo, 1992; Conticelli et al., 2002; Peccerillo, 1998 Peccerillo, , 2003 Peccerillo, , 2005 Federico et al., 1994) , were used for the experiments; these are:
(1) CR, from Le Crocicchie leucitite quarry, Bracciano, Sabatini volcanic complex;
(2) PN, from Poggio Nibbio, San Martino al Cimino, Vico Lake, in the Vican volcanic complex;
(3) TB, Tobia community, Vico Lake, in the Vican volcanic complex; (4) L106, Capo di Bove lava flow, in the Alban Hills volcanic complex; this sample is a fragment of the same mega-crystal studied by Della Ventura et al. (2008) .
None of the crystals of leucite selected for this study showed, on the optical scale, the presence of analcime lamellae, as previously observed in some phenocrysts of leucite (Taylor and MacKenzie, 1975 and references therein) .
Quantitative chemical analyses in EMPA (WDS) were obtained on polished single crystals of the four leucite samples (free of defects on the optical scale) using a JEOL JXA-8200 electron microprobe at the Dipartimento di Scienze della Terra (DST), Milan. The system was operated using a defocused electron beam (diameter 5 mm) at an accelerating voltage of 15 kV, a beam current of 15 nA and a counting time of 20 s on the peaks and 5 s on the backgrounds. Natural minerals (Kfeldspar for Si, K, Al, forsterite for Mg, rhodonite for Mn, wollastonite for Ca, omphacite for Na, ilmenite for Ti, fayalite for Fe) were used as standards. The results were corrected for matrix effects using a conventional ZAF routine in the JEOL suite of programs. The crystals were found to be homogeneous within analytical error. The chemical content (obtained by averaging four point analyses for each leucite crystal) is reported in (Mazzi et al., 1976) , replacing Al 3+ in the tetrahedral framework.
More complex was the search for single-crystals of leucite suitable for the XRD experiments. The majority of crystals examined in this work showed evidence of pseudo-merohedric twinning on the optical scale. As reported by Mazzi et al. (1976) , this class of crystals is not ideal for diffraction experiments due to the non-merohedric twinning. Finally, four crystals, free of defects and without any evidence of pseudo-merohedric twinning, at least on the optical scale, were selected for XRD data collection. Intensity data were collected with an Oxford Diffraction À Xcalibur-1 diffractometer equipped with a CCD, at the DST, Milan, using graphite-monochromated Mo-Ka radiation, at 50 kV and 40 mA. A combination of o and j scans was used in order to maximize the reciprocal space coverage (and redundancy), fixing a step-size of 0.4º, a time of 10 s/frame (Table 2 ) and a crystal-detector distance of 80 mm. Details pertaining to the data collections are reported in Table 2 . All crystals were found to be metrically tetragonal, and the reflection conditions were consistent with space group I4 1 /a (Mazzi et al., 1976) . A careful inspection of the diffraction patterns showed evidences of pseudo-merohedric twinning for all the crystals, weak for CR and L106 but stronger for TB and PN. The XRD data of the pseudo-merohedric individuals were not integrated. Lorentz-polarization and analytical absorption corrections, by Gaussian integration based upon the physical description of the crystal (CrysAlis -Oxford Diffraction, 2005), were performed. The discrepancy factor between symmetry-related diffraction intensities (Laue class 4/m) was found to be acceptable for CR and L106, but unusually large for TB and PN (Table 2) . Further XRD analyses of single crystals belonging to the TB and PN samples were performed; however, the quality of the subsequent diffraction data was similar or in some cases worse.
Samples for TEM analysis (CR leucite) were prepared by gentle grinding in an agate mortar, suspension in ethanol and deposition on a holey carbon film. The TEM observations were carried out using a field emission gun FEI Tecnai F20 super twin electron microscope equipped with Gatan Slow Scan CCD 794 and operated at 200 kV at the DST, Milan. The electron diffraction pattern taken on adjacent pseudomerohedric twin domains (labelled '1' and '2') is shown in Fig. 2 . The unequal lengths of the a and c axes result in spots splitting. The reciprocal space direction of the unsplit row [101]* reveals the twin plane as (101) (Fig. 2) . A dark-field electron micrograph showed that pseudo-merohedric twin domains with planar boundaries occur as broad sheets <0.4 mm thick. Single-crystal micro-FTIR spectra were collected with a Nicolet MAGNA 760 spectrofotometer equipped with a KBr beamsplitter and a globar IR source, at the Dipartimento di Scienze Geologiche, Roma. The associated NicPlan microscope was equipped with an LN 2 -cooled MCT-A detector; final spectra are the average of 128 scans acquired with a nominal resolution of 4 cm À1 . Samples were prepared as doubly-polished slabs with thicknesses ranging from several hundred mm, up to 2 mm; sample thickness was measured with a digital micrometer (precision of Ô1 mm).
Results

SC-XRD: structure ref|nements
The anisotropic structural refinements were performed using the SHELX-97 software (Sheldrick, 1997) , starting from the atomic coordinates of Mazzi et al. (1976) . Neutral atomic scattering factors of K, Si and O from the International Tables for Crystallography (Wilson and Prince, 1999) were used. A scattering curve based on partially occupied tetrahedral sites by Al and Si and/or on their ionic form did not significantly improve the final figures of merit. A correction for the effects of the merohedric twinning was applied and the refined relative amounts of the two individuals are reported in Table 2 . A correction for secondary isotropic extinction was applied according to Larson's formalism (Larson, 1970) , as implemented in SHELXL-97 package (Sheldrick, 1997) . A reliable observations/refined parameters ratio was kept for all the refinements (Table 2) . The convergence was rapidly achieved after a few least-square cycles of refinement and the variance-covariance matrices displayed no significant correlation between the refined parameters. For all the refinements, the residuals in the (110) and (110) difference-Fourier function of the electron density were <Ô0.65 e À /Å 3 (Table 2) . High-quality structural refinements were only obtained for the CR and L106 leucites, as expected on the basis of the discrepancy factor between symmetry-related diffraction intensities (Table 2) . Further details pertaining to the structural refinements are reported in Table 1 . Refined site positions, K-site occupancy factor and displacement parameters are listed in Tables 3 and 4 . Bond distances and angles (Table 5 , deposited) confirm a disordered Si/Al-distribution in the tetrahedral framework and the general configuration of the extra-framework content as reported by Mazzi et al. (1976) .
SC-FTIR spectroscopy
The four leucites show two different kinds of SC-FTIR spectra in the near-infrared (NIR) region 6000À2600 cm À1 (Fig. 3) . The spectrum of sample L106 consists of a well defined and intense band at 3600 cm À1 and two very broad absorptions centred at~3520 cm À1 and 3245 cm À1 , respectively; a shoulder is also resolved at~3655 cm À1 (Fig. 3a) . This pattern corresponds to the 'type 1' leucite pattern reported by Balassone et al. (2006) and Della Ventura et al. (2008) , and is also very similar to that of analcime reported by Libowitzky and Rossman (1997) and Putnis et al. (2007) , although notable differences are evident when comparing the spectra of these two minerals (Della Ventura et al., 2008) . The most intense bands at 3600 and 3520 cm À1 are assigned to the stretching vibrations of the H 2 O molecules in the extraframework cavities of leucite (Balassone et al., 2006; Della Ventura et al., 2008) . The band at 3245 cm À1 can be assigned to the first overtone of the bending vibration (2n 2 ) of the water molecule, as indicated by a weak but well resolvable absorption at 5230 cm À1 (Fig. 3b) which can be assigned to the combination of the stretching and bending modes (n 3 + n 2 ) of the H 2 O molecule (Della Ventura et al., 2008) .
The spectra of sample PN, CR and TB are similar and show significantly different patterns with respect to the L106 results (Fig. 3) . They all consist of a sharp and intense band at 3655 cm À1 and two broad, overlapping and less intense absorptions at 3583 and 3520 cm À1 , respectively (Fig. 3a) ; one broad and weak absorption is present at 3247 cm À1 , while the combination mode is found at 5257 cm À1 (Fig. 3b) . For the (9) 0.0243 (9) 0.0033 (7) 0.0005(7) À0.0001 (7) (1) 0.026(1) À0.0014(7) À0.0027 (7) 0.0007 (7) 
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. This second pattern is similar to the 'type 2' leucite spectrum observed by Balassone et al. (2006) for leucite from Roccamonfina. 
The water content of leucite from FTIR analysis
The water content of leucite can be determined by using the FTIR data and the Beer-Lambert law in the form:
where c is the H 2 O concentration (in wt.%); A i is the integrated intensity of the H 2 O stretching absorption (area, in cm À1 ); t is the sample thickness (in cm); D is the sample density, which in the present case is 2.471Ô0.011 g cm
À3
(from Balassone et al., 2006) . The factor 1.8 is needed for the conversion of the H 2 O concentration from mol l À1 to wt.% (Beran et al., 1993) . The matrix-specific integral molar absorption coefficient e i (cm À2 per mol H 2 O/l) was derived from the calibration of Libowitzky and Rossman (1997) :
n wm is the weighted mean wavenumber (in cm
À1
) and was derived from the spectrum following the method described in Della Ventura et al. (2008) . Accordingly, for CR, PN and TB n wm = 3521 cm
À1 and e i = 57,149 cm À2 per mol H 2 O/l; for L106 n wm = 3467 cm À1 and e i = 70,503 cm À2 per mol H 2 O/l (Della Ventura et al., 2008) .
The water content in the four leucite samples (Table 6 ) ranges from~500 to 3600 wt ppm and, considering the various sources of error (e.g. Bellatreccia et al., 2005) , the error in the determination of the H 2 O content is believed to be in the order of Ô10À15%. It is also worth noting that detailed FTIR mapping in the OHstretching region (unpublished data) shows that in the CR, PN and TB samples (all from the Sabatini and Vican volcanic complexes), the distribution of H 2 O is homogeneous, while in sample L106
(from the Alban Hills volcanic complex) there is significant zoning of H 2 O across the crystal (Della Ventura et al., 2008) .
Discussion
The SC-XRD structural refinements confirm the structural model of Mazzi et al. (1976) , in terms of space group, lattice parameters, disordered Si/Al distribution and location of the extraframework K-site. As reported by Mazzi et al. (1976) , it was a challenge to find crystals suitable for structure refinement due to the complex twinning. High-quality refinements were only obtained for samples CR and L106, as shown in Table 2 . The chemical analysis showed that all the leucite samples contain Na and Fe, considered here as Fe 3+ according to Mazzi et al. (1976) . Minor amounts of Ca, Mg and Mn were also detected ( Table 1 ). The FTIR investigation shows that all the samples contain structurally bound H 2 O molecules, but the amount of H 2 O varies drastically among the four leucites (i.e. from~500 up to~3600 wt ppm, Table 6 ). The co-presence of Na and H 2 O would be reasonably explained with the octahedral substitution: KO 6 > NaO 4 (H 2 O) 2 . In other words it is feasible that, at a local scale, there are analcime-like domains in the structure of leucite, with the Na cation bonded to four oxygens belonging to the tetrahedral framework and two zeolitic H 2 O molecules. However, the K-site in the leucite structure is located at the same position occupied by H 2 O in the analcime structure (i.e. in the 6-membered ring channels along [111] of the cubic structure). In other words, using the K scattering factor to calculate the electron density at the K site, a substitution K > O (i.e. K for the oxygen atom of the H 2 O molecules) should lead to a site occupancy factor of s.o.f. <1. In addition, a further site (with low occupancy), corresponding to the Na-site in the analcime structure (and empty in the structural model of pure leucite), should be found. If we consider only the two best structural refinements we have (i.e. CR and L106), we observe: (1) the K s.o.f. <1 for the CR sample, which has a large amount of water (~1900 wt ppm, Table 6 ) among the four leucites; and (2) the K s.o.f. = 1 for the L106 sample, which contains the smallest amount of water detected in this study (~500 wt ppm). There are two possible explanations for the s.o.f. <1 at the K-site of the H 2 O-rich CR leucite: (1) the simultaneous presence of K and the H 2 O oxygens, which determine a smaller aggregate electron density than a site fully occupied by K; or (2) a real partial occupancy of this site. The residuals in the difference-Fourier functions of the electron density for all the four refinements show maxima which do not correspond to the expected Na-site position. This is probably because of the extremely small amount of Na in the leucite samples. Careful inspection of the anisotropic displacement parameters at the K-site does not show any significant difference among the leucite samples (Tables 3 and 4) . Therefore, the X-ray structural refinements do not provide clear evidence for the octahedral KO 6 > NaO 4 (H 2 O) 2 substitution, even with~0.5 wt.% water. The amount of structurally incorporated H 2 O does not appear to be correlated with the unit-cell constants (Tables 1 and 2 ); in addition, the microchemical data show that the amount of Na is positively correlated with that of H 2 O, and negatively correlated with that of Fe 3+ (Table 1 ). The SC-FTIR spectrum of sample L106, in particular (Fig. 3) , shows well defined and intense bands at~3604 cm À1 and further broad absorptions at~3500 cm À1 and~3245 cm À1 , respectively. A similar pattern was reported by Balassone et al. (2006) (for the 'type 1' leucite) and Della Ventura et al. (2008) . Such a pattern shows strong similarities to that of analcime (Libowitzky and Rossman, 1997; Putnis et al,. 2007 ), but some differences have been highlighted by Della Ventura et al. (2008) . The most intense bands at~3604 and~3500 cm À1 have been assigned to the H 2 O molecules in the [111] channels and the frequency shift with respect to the corresponding bands in analcime can be reasonably explained by a slightly different bonding environment for H 2 O in analcime and leucite, as the 6-membered ring channels running along [111] are perfectly hexagonal in analcime and elliptically distorted in leucite (Gatta et al., 2006 (Gatta et al., , 2008 . The band at 3245 cm À1 (Fig. 2) has been assigned to the first overtone of the bending vibration (2Án 2 ) of the H 2 O-molecule (Della Ventura et al., 2008) .
The spectra of sample PN, CR and TB are similar (absorption bands at 3655, 3583, 3520, 3247, 5257 cm 
